Here we report a targeted high-pressure synthesis of high-TC hydride superconductor 3 ̅ -YH6 with predicted TC ~ 270-280 K and upper critical magnetic field (μHC) up to 75 tesla. According to our experiments cubic YH6 can be prepared in a mixture with I4/mmm-YH4 and Imm2-YH7 at pressures of 160-180 GPa via laser heating of metallic yttrium in ammonia borane medium over 2400 K. Compressed 3 ̅ -YH6 demonstrates clear superconducting transition with TC ~ 224 K at 166 GPa, unexpectedly lower than it was theoretically predicted (> 273 K). Currently, this is the second highest critical temperature that has been experimentally achieved in compressed hydrides. New phases were examined theoretically, and their electronic, phonon, mechanical and superconducting properties were studied.
Introduction
Room-temperature superconductivity has been an unattainable dream and subject of speculative discussions for a long time, but times change. Theoretical prediction of record hightemperature superconductor LaH10 1 with TC ~ 260 K followed by the experimental confirmation 2, 3 has opened a new field in high-pressure physics devoted to investigation of superconducting metal hydrides. Recently successful synthesis of previously predicted hcpCeH9 4 , hcp-and c-PrH9 5 , UH7 and UH8 6 motivated us to perform an experimental investigation of the Y-H system in order to synthesize previously predicted another potential roomtemperature superconductor Im3m-YH6, stable at pressures 100-300 GPa.
Interest to the study of yttrium hexahydride YH6 is due to not only its outstanding superconducting properties, but also because of the very low stabilization pressure of this compound -just about 70-120 GPa. In other words, it is due to the highest pressure application efficiency -max(TC/P) ≈ 2.5 K/GPa 1, 7, 8 , among all known superconducting hydrides. Stability and conditions of existence of yttrium hexahydride with sodalite-like crystal structure, similar to famous 3 ̅ -CaH6 denoting as cI14-CaH6, were studied in a series of papers starting from 2015 1, 7, 8 . So, in the work by Li et al. (2015) 7 the 3 ̅ -YH6 with hexagonal H6 units was predicted for the first time to be stable at pressures over 110 GPa. The superconducting transition temperature was found via numerical solution of the Eliashberg equations to be in range 251-264 K at 120 GPa (μ* = 0.1−0.13), and the EPC parameter λ of reached 2.93 at the same pressure. The authors were also investigated the band structure and the density of electronic states at the Fermi level of YH6 at 120 GPa (N(EF) = 0.6 states/eV/f.u.). The ωlog was not given in Ref. 7 , but according to the provided Eliashberg function α 2 F(ω) we calculated it as ~1080 K at 120 GPa.
In the work by Liu et al. 1 published in 2017, yttrium and lanthanum hydrides were theoretically studied in details, with an emphasis on decahydrides fcc-LaH10 and YH10. Superconductivity in YH6 has not been studied independently. However, some new information was given for the hexahydride: H-H distance in YH6 was found to be 1.19 Å at 300 GPa, stability range of the sodalite-like structure was determined from to be in range 150-300 GPa. In addition, the average ωlog = 1124 K for YH6 at 120 GPa was calculated, which agrees with the value of 1080 K calculated above from the data of Ref. 7 . Figure 1 . Yttrium hexahydride (YH6) properties, previously studied by various authors: a) YH6 unit cell parameters at 150 GPa; b) different orbital contributions to the density of electronic states N(EF) 8 ; c) Dependence of superconducting parameters (TC, λ, ωlog) on pressure 9 The study of YH6 was continued in Grishakov et al. in 2018 8 , where, using the original method 6 , significantly lower superconducting transition parameters were obtained: λ = 3.0, TC = 165 K at 125 GPa. It was found in Ref. 8 that the major contribution to the density of electronic states at Fermi level N(EF) comes from s,d-orbitals, while the contribution from porbitals was insufficient. The calculation of the pressure dependence of N(EF) in the range 100-400 GPa shows that it decreases linearly with increasing pressure from about 0.9 to 0.75 eV -1 /electron (Figure 1b) . At the same time, contribution from d,p-orbitals decrease, while contribution from s-orbital increases. Calculated N(EF) values in Ref. 8 and Ref. 7 are different, which leads to contradiction.
The most detailed study of physical properties and superconductivity of 3 ̅ -YH6 was made by Heil et al. in 2019 9 . Calculations were carried out using fully anisotropic MigdalEliashberg theory (as implemented in EPW code) with Coulomb corrections. Almost isotropic superconducting gap resulting from a uniform distribution of the coupling over states of both Y and H sublattices was found. According to provided calculations the Coulomb screening is relatively weak, resulting in a Morel-Anderson pseudopotential μ* = 0.11. Predicted critical temperature for YH6 was estimated to be 290 K at 300 GPa (Figure 1c) , which exceeds "room temperature" limit (273 K) 9 . The H-H distances at the pressure of 300 GPa is 1.19 Å, EPC coefficient λ = 1.73, average SC gap is 50-55 meV. The dependence of TC on pressure was found to be very weak (dTC/dP = +0.2 K/GPa) because of the compensation between the average phonon energy ωlog, which increases with pressure, and the electron-phonon coupling constant λ, which, decreases instead. Authors were also able to estimate anharmonic effects 9 (via frozenphonon calculations) in YH6 and found that anharmonic contrivution to the TC is weak in this compound.
It should be mentioned a short communication of A. Bergara 10 at the 56th EHPRG Meeting, where the results of calculations of TC of YH6 with anharmonic Eliashberg function at 120 GPa were reported. Anharmonicity leads to decrease in λ and increase in ωlog. As a result, critical temperature decreased by 34 K.
Previous results of theoretical studies of 3 ̅ -YH6 are shown in Table 1 and partly agree with each other and partly contradict to each other. To establish the real state of affairs, in this work we carried out an experimental synthesis and study of the superconducting properties of yttrium hydrides 3 ̅ -YH6, Imm2-YH7 and I4/mmm-YH4, obtained after laser heating of metallic yttrium in ammonium borane (NH3BH3) medium in diamond anvil cells (DACs) in the pressure range 165-180 GPa. Superconducting properties of the yttrium polyhydrides were investigated by measuring the electrical conductivity of samples in different current modes. 9 at μ* = 0.1.
Results and discussions
Having a number of theoretical studies of cI14 yttrium hexahydride that have been already published, we focused on experimental verification of stability and superconducting properties of 3 ̅ -YH6, as well as on the calculations of some physical properties that have not been analyzed before.
The high-pressure synthesis was carried out according to the previously developed scheme with ammonium borane (AB) as a source of hydrogen that showed excellent results 2, 3, 5, 11 . We prepared three diamond anvil cell (DAC) with 50 µm culets -K1, M1, M3, where pure yttrium metal was loaded into a sublimated ammonia borane and compressed to 166-180 GPa. The samples were heated up to 2400 K by ~10 5 pulses of 1 microsecond each, leading to formation of mixtures of 3 ̅ -YH6 and YH4, YH7-YH7.5 in all cells. Results of the synthesis are highly depending on the pressure and temperature of the laser heating. In the cells K1 and M1 (XRD patterns are shown in Figure 2 , S3), the laser heating of samples at 166 GPa yielded the complex mixture of products, with predominant formation of 3 ̅ -YH6, Imm2-YH7 with cubic Y-sublattice (M1, Figure S3) , and, probably, low symmetry P1-YH7+x (x= ±0.5) hydride with non-stoichiometric composition. To estimate thermodynamic stability and possibility of these hydrides to be formed at experimental pressure and temperature conditions the evolutionary search of stable Y-H compounds was carried out using the USPEX algorithm [12] [13] [14] . Computational predictions show that all these phases can be stabilized at high temperatures in a range 500-2000 K (see Figure 3) . The examination of thermodynamic stability of predicted yttrium hydrides at 150 GPa shows that at 0 K (ZPE contribution was taken into account) the only stable phases are I4/mmm-YH4 and P1-YH7, see Figure 3a . YH6 is metastable with the enthalpy of formation higher than convex hull by 17 meV/atom. The enthalpy difference between Imm2 and P1-YH7 phases are about 38 meV/atom with more favorable polymorph with P1 space group. Temperature increase to 500 K (Figure 3b ) leads to stabilization of YH6, while the YH10 still thermodynamically and dynamically metastable. The difference in the enthalpies of YH7 polymorphs vanishes as the temperature approaches ~2000 K. The more symmetrical Imm2-YH7 phase becomes thermodynamically more favorable at higher temperatures.
Calculated convex hull has complicated structure due to the presence of a large number of different phases located close to the convex hull and having similar compositions. The best candidates which explain observed XRD are slightly nonstoichiometric I4/mmm-YH4 and lowsymmetry P1-YH7+x (x= ±0.5) phase.
Higher pressures (172-180 GPa, M3 cell) lead to a much simpler XRD pattern (see Figure 4) , showing XRD peaks only from 3 ̅ -YH6 and distorted I4/mmm-YH4 phases. Experimental lattice parameters and volumes of newly discovered Y-H phases are given in Table 2 . All the phases were also theoretically examined for the dynamical and mechanical stability according to the Born's criteria (С11 -С12 > 0, C11 + 2C12 > 0, C44 > 0), see Supporting Information. 
Measurements of superconducting properties of ̅ -YH6
To measure the superconducting transition temperature of the yttrium hexahydride, all cells were equipped with four Ta/Au electrodes. We used the DACs with a 50 µm culet beveled to 300 µm at 8.5°. Four Ta electrodes (~200 nm) with gold plating (~80 nm) were sputtered onto the piston diamond. Composite gaskets consisting of a tungsten ring and a CaF2/epoxy mixture were used to isolate the electrical leads.
An ~1-2 µm-thick yttrium sample was sandwiched between the electrodes and AB in the gasket hole with the diameter of 20 µm. The pressure in the cell was increased to 166 GPa (K1 cell), 165 GPa (M1 cell) and 172 GPa (M3 cell). The electrodes in the M3 cell were found to be connected with the W-gasket, therefore, no resistivity measurements were made for this sample. The heating of the sample was performed by ~10 5 pulses of a Nd:YAG infrared laser with the wavelength λ = 1.064 μm, and duration of 1 µs each pulse. The temperature dependence of the resistance is shown in Figure 5 . Two slightly different superconducting transitions with TC of 224 K (Figure 5a ) and 218 K (Figure 5b) were observed in K1 and M1 samples, respectively. In the K1 cell the electrical resistance dropped sharply to zero (from 50 mΩ to 5 μΩ, width ΔTC ~1-2 K), while in M1 cell the complete disappearance of the electrical resistance was not observed due to presence of the side phases (Imm2-YH7, see Supporting Information, Figure S3) .
Analysis of the electronic and superconducting properties of tetragonal YH4 and orthorhombic YH7 indicates (see Table 3 ) that YH4 is a metal with significantly lower critical temperature (≤ 107 K) compared to YH6. Another product of the synthesis (in the M1 cell), the Imm2-YH7 phase, has pronounced "pseudogap" in the electronic density of states, quite low N(EF) and, as a result, even lower ТС of 31-43 K. Thus, as will be shown below, these impurities have practically no effect on the superconducting transition in yttrium hexahydride.
It is interesting to compare the experimentally obtained TC with theoretical calculations based on the Bardeen-Cooper-Schrieffer and Migdal-Eliashberg theories. As we mentioned in the introduction, the results of the analysis of superconducting properties in different works are different: the estimates range from 250 to 285 K 1,9 which is quite far from the experimental value (224 K). Given this, as well as the fact that studied pressure range of 160-180 GPa was not covered by previous calculations, we carried out a series of independent harmonic calculations of SC properties in 3 ̅ -YH6, I4/mmm-YH4 and Imm2-YH7 at fixed pressure of 165 GPa (see Table 3 ). The critical temperature for YH6 obtained by numerical solution of the isotropic Eliashberg equation 15 10 . This allows us to estimate the expected upper critical magnetic field μ0HC(0) ~ 68 Tesla, the superconducting gap in YH6 as 57 meV, and the coherence length BCS = 0.5√ℎ/ 2 = 22 Å. A good agreement between experiment and theoretical calculations of superconducting properties, both approximate and more accurate, performed with anharmonic correction, is a tangiblle argument in favor of the classical electron-phonon pairing mechanism in 3 ̅ -YH6, which is also characteristic to other polyhydride materials.
From the results of this study, one can make some predictions regarding the superconducting properties of other hydride materials. So, for instance, predicted TC values for 3 ̅ -CaH6 of 220-235 K 17 , isostructural to yttrium hexahydride, are much lower than similar parameters of the YH6. If the same difference remains valid for the experimental data, the critical temperature of CaH6 may be lower than stated, in accordance with our experimental results for YH6.
Conclusions
Currently, the second highest (after fcc-LaH10) critical temperature superconductor 3 ̅ -YH6, together with the novel phases of I4/mmm-YH4 and Imm2-YH7, were synthesized at 160-180 GPa confirming earlier theoretical predictions 7 . The measured critical temperature of the 3 ̅ -YH6 was found to be 224 K, which is unexpectedly lower than theoretically predicted values (> 273 K 9 ). Low symmetry (P1 or Imm2) molecular yttrium hydrides YH7+x (x = ± 0.5) were found to be responsible for complex XRD patterns at 166 GPa. The experiment shows the great potential of Y-H system in terms of the increasing of hydrogen content and transformation of 3 ̅ -YH6 to fcc-YH10 which has the best chances to be a room-temperature superconductor.
Methods

Experiment
To perform this experimental study, three (K1, M1, M3) diamond anvil cells (DACs) were loaded. The diameter of the working surface of the diamond anvils was 280 m beveled at angle of 8.5° to culet of 50 m. X-ray diffraction patterns of all samples in diamond anvil cells were recorded at the GSECARS synchrotron beamline at the Advanced Photon Source (Argonne, US) with beam focused down to 2.5 × 3.5 μm X-ray beam at 42 KeV and 37 KeV and (λ = 0.295 Å and 0.334 Å) and a Pilatus 1M CdTe detector placed at a distance of ~200 mm from the sample. The exposure time was 20-60 s. LaB6 standard was used for the detector geometry calibration. The X-ray diffraction data were analyzed and integrated using the Dioptas software package (version 0.4) 19 . The full profile analysis of the diffraction patterns, as well as the calculation of the unit cell parameters, was performed in the JANA2006 program 20 by the Le Bail method 21 . Online laser heating of the samples was done at GSECARS by pulses of infrared laser with the wavelength of λ = 1.064 μm and pulse duration of 1 µs 36 . Temperature measurements were carried out using the grey body radiation fit within the Planck function at the laser heating system of the GSECARS beamline of APS. Applied pressure was measured by the edge position of the Raman signal of diamond 22 using the Acton SP2500 spectrometer with PIXIS:100 spectroscopic-format CCD 37 .
Theory
The equations of state of the discovered YH4, YH6, YH7 phases were calculated using density functional theory (DFT) 23, 24 within the generalized gradient approximation (Perdew-BurkeErnzerhof functional) 25 , and the projector-augmented wave method 26, 27 as implemented in the VASP code [28] [29] [30] . Plane wave kinetic energy cutoff was set to 500 eV and the Brillouin zone was sampled using Γ-centered k-points meshes with resolution 2π×0.05 Å −1 . We also calculated phonon densities of states of studied materials using the finite-displacements method (VASP and PHONOPY 31, 32 ). Calculations of superconducting TC were carried out using QUANTUM ESPRESSO (QE) package 33 . Phonon frequencies and electron-phonon coupling (EPC) coefficients were computed using density-functional perturbation theory 34 , employing plane-wave pseudopotential method and Perdew-Burke-Ernzerhof exchange-correlation functional 25 . In our ab initio calculations of the electron-phonon coupling (EPC) parameter λ, the first Brillouin zone was sampled using 4×4×4 q-points mesh, and a denser 16×16×16 k-points mesh (with Gaussian smearing and σ = 0.005 Ry, which approximates the zero-width limits in the calculation of λ). TC was calculated from the Eliashberg equations 15 which were solved by iterative self-consistent method for the imaginary part of the order parameter Δ(T, ω) (superconducting gap) and the renormalization wave function Z(T, ω) 35 (see Supporting Information). More approximate estimates of TC were made using the Allen-Dynes formula 16 .
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Elastic properties
where T is the temperature in kelvins, μ * is the Coloumb pseudopotential, ω is the frequency in Hz, ρ(T) is a pair-breaking parameter, the function ( − ) relates to an effective electronelectron interaction via the exchange of phonons. 2 The transition temperature can be found as the solution of the equation ρ(TC) = 0, where ρ(T) is defined as max(ρ), provided than Δ(ω) is not a zero function of ω at a fixed temperature.
These equations can be rewritten in a matrix form as 
The lower critical magnetic field was calculated according to the Ginzburg-Landau theory 
here c -is the speed of light, e -is the electron charge, me -is the electron mass, and ne -is an effective concentration of charge carriers, evaluated from the average Fermi velocity (VF) in the Fermi-gas model:
The coherence length ξ was found as = √ℏ 2 ( 0 2 ) ⁄ and was used to estimate the average Fermi velocity
Average Fermi velocity was also calculated directly from the band structure of cI4-YH6 using , was calculated to be up to 10 9 A/cm 2 , much higher than in H3S 6 . The calculated Ginzburg-Landau parameter 7 is over 36 which is typical for II type superconductors. It is interesting to note that recalculation of superconducting parameters of YH6 using Eliashberg functions α 2 F(ω) from Ref. 9 (Ref. from the main text) leads to the ТС (A-D) of 233 K (ω2 = 1126 K), 215 (ω2 = 1640 K) and 238 K (ω2 = 1936 K) at 100, 200 and 300 GPa, respectively. Thus, critical temperatures obtained using the simple Allen-Dynes formula 16 (Ref. from the main text) surprisingly turn out to be more successful approximation to the experiment. Systematic underestimation of TC by Allen-Dynes formula compared to the numerical solution of the Eliashberg equations turns out to be approximately equal to the TC correction due to anharmonic effects.
